Background: Little is known about the normal range of metal levels in unstimulated saliva, nor whether these might impact Candida carriage in healthy individuals. Both are important in determining which populations are at risk for candidiasis, as the availability of metal ions can influence the growth and pathogenesis of Candida albicans. Objective: We quantified salivary metals of healthy individuals to determine the correlation with C. albicans oral colonization. Design: Unstimulated whole saliva was collected from healthy adults and plated to determine fungal carriage, and metal content was measured using ICP-mass spectrometry (ICP-MS). Results: Zinc was most abundant, followed by iron, copper, manganese, and nickel. Cultivable oral Candida carriage was found in 48% of people. Total protein levels did not differ in salivas from donors with or without carriage. However, innate fungicidal activity was increased in donors with carriage; correlations between levels of several metals were stronger in salivas with fungal carriage, indicating a shift in the oral environment. Concentrations of copper and manganese, as well as age and gender, were significantly predictive of carriage levels in a multiple regression model. Conclusions: Salivary copper and manganese content along with age and gender could be used as a predictive metric for individuals that are more susceptible to Candida overgrowth.
Introduction
Metal ions including iron, zinc, copper, nickel, and manganese are found in trace amounts in the saliva of healthy adults [1, 2] although their exact physiological function is unknown. Salivary metal levels are quite variable and are believed to be affected by diet [3] , salivary flow rates [2] , occupational exposure [4] , and quantity of metal-binding salivary proteins [5] . Analyses of salivary metal content has been related to exposure to toxic metals [2, 4] , metalleaching dental devices [6] , or the relationship to disease states [7, 8] . Previous data describing normal metal levels in healthy adults are limited and scattered, and these studies were hampered by the fact that salivary copper, nickel, iron, and manganese are generally below the limit of detection by even the most sensitive spectro-analytical methods [1, 2] including atomic absorption spectroscopy (AAS) or inductively coupled plasma atomic emission spectroscopy (ICP-AES). Therefore, we examined metal levels in the saliva of healthy adults using ICP-mass spectrometry (ICP-MS) that is capable of detecting part per trillion (ppt) concentrations of these elements [9] .
It is likely that oral metal levels have a profound impact on the composition of the oral microbial community due to nutritional immunity [7, 10] wherein the host sequesters physiologically important metals away from colonizing microbiota [11] . Saliva contains many proteins involved in nutritional immunity [5, 10, 12] . Calprotectin is the classic example of a metal-sequestering protein [10] that binds manganese, zinc, and iron with nanomolar to picomolar affinity, and inhibits microbial growth by disrupting superoxide dismutase function [13, 14] . Salivary amylase [15] , ferritin [16] , Histatin 5 [17] , gustin [18] , and lactoferrin (functioning synergistically with calprotectin) [19] are all metal binding proteins expected to have a role in nutritional immunity.
Candida albicans is an opportunistic pathogen responsible for 50-90% of oral candidiasis [20] ; however, it is a commensal organism in healthy individuals. Opportunistic infections by commensal organisms are unique from other types of microbial infection, because they are caused by microbiota that is already present in the host. The mechanistic switch between the commensal and pathogenic state is not well understood, but commensal and pathogenic proliferation appears to be controlled by the same genetic circuit [21] . C. albicans has extensive cellular machinery to respond to metal availability in the host environment; therefore, nutritional immunity is likely to be one mechanism that controls proliferation and pathogenesis of commensal Candida in the human oral environment.
Carriage of oral Candida varies widely in both colonized healthy people and those with oral candidiasis. Moreover, salivary colony forming units (CFU) are used for delineating overall levels of C. albicans colonization or infection [22] . There is a substantial overlap in the range of carriage in asymptomatic carriers (2-888 CFU/ mL saliva) and those with disease (22-5,000 CFU/mL saliva) [22] . Moreover, average salivary carriage in healthy individuals is considered to be between 300 and 500 CFU/mL [23] . High C. albicans carriage is associated with higher levels of calprotectin in saliva [10] , suggesting that nutritional immunity has an important role in maintaining commensal levels of C. albicans. C. albicans has nutritional requirements for physiologically important metals including iron, zinc, manganese, and copper [24] . In addition, several fungal virulence factors including the yeast to hyphae switch (induced by high concentrations of zinc and inhibited by high concentrations of copper [25] ), superoxide dismutase (SOD) expression (toggled by copper availability [26] ), and zinc induced aggregation of C. albicans [27] are regulated by extracellular metals.
We hypothesized that salivary metal levels in healthy adults influence C. albicans carriage levels, and measured salivary metal concentrations of five major metals by ICP-MS to determine their relationship with oral C. albicans.
Methods

Saliva collection
Written informed consent was obtained from medically healthy donors over the age of 18 before demographic information was collected (UB Federalwide Assurance ID#: FWA00008824). Individuals were excluded if they self-reported acute illness, dry mouth or use of antibiotics, or smoking cigarettes within 1 year of donation. Additionally, salivary flow was noted, and no donors exhibited a defect in saliva production. Donors were asked to fast from food or drink, besides water, for 2 h prior to saliva collection. Saliva was collected between 8 and 11 AM. Candida colonization can be described as a stable population in the oral cavity that must adhere to host surfaces to be maintained [23] . Therefore, we determined CFU per millilitre whole saliva as an aggregate indication of oral colonization. Donors were asked to vigorously rinse with 200 mL distilled water prior to saliva collection to ensure that Candida came from host colonization and not environmental contamination. Then, 10 mL of unstimulated whole saliva (WS) was collected into tubes on ice containing 20 μL of 5 X protease inhibitor (Complete Protease Inhibitor Cocktail, 04693116001, Roche). WS was plated (500 μL) onto YPD (1% Yeast, 2% Peptone, 2% Dextrose) plates containing 50 units/mL penicillin and 50 µg/mL streptomycin (10,000 units/mL penicillin, 10 mg/mL streptomycin, P4333, Sigma), incubated for 48 h at 30°C to quantitate Candida spp. CFU per mL of saliva. In one case, where detected Candida exceeded 9,000 CFU/mL, the donor was examined for visible plaques and saliva was collected again 3 months later to confirm stable commensal colonization. For samples positive for Candida spp., salivas were plated on CHROMagar™ Candida (CHROMagar, Paris, France) to identify Candida species. All donor salivas contained only C. albicans, except for one donor in which only Candida krusei was recovered.
Saliva processing
For all other assays, WS was centrifuged at 900 × g for 5 min at 4°C to remove debris and cells. Then, clarified WS was collected from the supernatant and stored at −80°C. Protein concentration of clarified WS was determined by bicinchoninic acid (BCA) assay (Pierce BCA Protein Assay Kit). Clarified WS was used for ICP-MS to determine salivary metal concentrations, and innate candidacidal assays.
Fungicidal activity of salivas
Innate candidacidal activity of clarified WS was determined by incubating C. albicans wild-type (WT) CAI-4 cells with WS, or 10 mM Sodium Phosphate Buffer (NaPB) as a control, for 1 h followed by microdilution plate assay. Per cent killing activity of WS was calculated as percentage reduction in CFU compared to control.
Detection of metals by ICP-MS
Clarified WS and control saliva spiked at 2 ng/mL with internal standards were digested and analysed by the bioanalytical services at RTI International (Research Triangle Park, NC). Analysis was conducted using a Thermo Element 2 SF-ICP-MS equipped with an ESI SC2-DX autosampler. The limit of quantification (LOQ) was reported as the lowest concentration calibration standard that exhibited acceptable recovery. The limit of detection (LOD) was calculated as the standard deviation of the digested method blank samples, multiplied by the Student's t-factor at a 99% confidence interval (4,541 at 3 degrees of freedom). For elements where the reported LOD was greater than LOQ, the LOQ was reported to be equal to the LOD.
Statistical methods
To address detection limits of metals, after log transformation of data, observations that were less than the LOD were replaced by the conditional expected value using the Richardson and Ciampi algorithm [28] that is used when data are normally or approximately normally distributed [29] . Descriptive statistics including mean, standard deviation, and selected percentiles were calculated for all variables. Spearman correlations were computed to examine the bivariate dependences among the five metal variables in both groups of detected carriage or no detected carriage.
Owing to a greater proportion of zero counts in carriage, analyses of this dependent variable were based on a zero inflated negative binomial model (ZINB) [30] . Iron, nickel, copper, manganese, and zinc were examined in separate models and together in a single model. The donor covariates age and gender were added to examine the robustness of results. Likelihood ratio tests were utilized to determine the significance of predictors. Statistical analyses were performed using GraphPad Prism or SAS 9.4 software [31] . Principle component analysis was applied using the ClustVis data visualization web tool [32] , and correlation matrix plots were generated with the software, R [33] .
Results
Descriptive statistics for saliva donors
Descriptive statistics for the entire group of subjects (n = 42), and individuals with detected carriage (n = 20) are reported in Table 1 . The age of all subjects ranged from 21 to 80 years, and the mean age was 35 ± 14 years. Twenty out of the 42 subjects (48%) in our study had oral carriage of Candida. Of those with detected carriage (2-9,776 CFU/mL), ages ranged from 22 to 62 years with a mean age of 36 ± 12 years. Total salivary protein ranged from 0.45 to 4.44 mg/mL with a mean of 2.05 ± 0.9 mg/mL. In general, zinc was the most abundant metal in saliva, at 94.18 ± 152.54 ng/mL, followed by iron (22.3 ± 30.2 ng/mL), copper (13.43 ± 18.81 ng/mL), manganese (5,626 ± 9,724 ng/ mL), and nickel (0.545 ± 0.728 ng/mL). Innate fungicidal activity of saliva ranged from 0 to 32.0% with an average of 9.2 ± 8.6%. Among individuals with detected carriage, the hierarchy of metal abundances was conserved: zinc (95.04 ± 120.90 ng/mL), iron (22.9 ± 30.9 ng/mL), copper (17.66 ± 22.29 ng/mL), manganese (5,541 ± 7,019 ng/mL), and nickel (0.741 ± 0.965 ng/mL). For these individuals, innate fungicidal activity of saliva ranged from 0 to 22.2% with an average of 11.9 ± 8.4%. Total protein in individuals with carriage had an identical range to all donors and a mean of 2.08 ± 1.11 mg/mL.
Histograms of the frequency of C. albicans carriage and metal concentrations illustrate that the data in all cases were heavily skewed towards zero ( Figure 1) . Interestingly, in all cases the median value of the dataset was considerably lower than the mean value, illustrating that a relatively small number of high values for carriage and metal concentration contributed to the higher means. The small number of large values also contributed to a large standard deviation of the mean. Box-and-whisker plots denote minimum, median, and maximum values, and inter-quartile ranges. Coefficients of variation (CV) were calculated to compare the variability between metals. The greatest variability was found for manganese (CV = 172.8%) and zinc (CV = 162.0%), while copper (CV = 140.1%), iron (CV = 135.4%), and nickel (CV = 133.6%) each had less variability.
Donors with Candida carriage have higher salivary metal pair covariance than donors without carriage
Total protein and innate fungicidal activity of donors with and without detected carriage groups were compared using t-tests (Figure 2(a) ). We found that average total protein levels were not significantly different between groups; however, there was a significant (P = 0.047) increase in the innate fungicidal activity of donor salivas with detected carriage compared with donors without carriage. We expected that if C. albicans carriage induced nutritional immunity, one indication of this would be that different metals would co-vary in donor salivas with carriage and without, since many proteins implicated in nutritional immunity bind multiple metals. Therefore, we asked whether salivary metals had greater covariance with other metals when salivary samples were divided into carriage and no carriage groups (Figure 2(b) ). Indeed, the strongest correlations between metal pairs differed between these two groups. Correlations were classified as significant (P ≤ 0.05) or not significant (P > 0.05), and the strength of the correlation, as indicated by the coefficient r, was defined as strong (r ≥ 0.7 shown in red), moderate (0.5 < r < 0.7 shown in yellow), weak (r ≤ 0.5 shown in blue), or nonsignificant (P > 0.05 shown in grey). We observed a strong correlation between nickel and copper that was similar in both groups; however, we observed many more differences in metals between groups. There was a strong correlation between iron and manganese in donor saliva with carriage, which was only moderate in donors without carriage. We also observed a strong correlation between manganese and copper in donors with carriage, which was again only moderate in donors without carriage. Correlations between zinc and nickel, as well as zinc and copper, were also higher in individuals with carriage than without. Thus, metal correlations become stronger for multiple metal pairs in groups with the presence of Candida, suggesting differences in the oral environment with respect to metals between individuals with and without carriage.
Salivary metal levels predict increased carriage but not acquisition of Candida
To validate the predictive value of salivary metals for the amount of carriage measured in an individual, donors with detected carriage were included in a predictive model in which the natural log of metal concentration was used as the predictor value (Supplemental Table 1 ). Interestingly, we found that for iron (P = 0.022), manganese (P < 0.001), and copper (P = 0.001), a unit increase was significant in predicting an increase in carriage count. Specifically, for a unit increase in iron, there was a 134% increase in the expected carriage count. For a unit increase in manganese there was an 89% increase in expected carriage count, and for copper a 220% increase.
Zinc and nickel were not significantly predictive of the amount of carriage.
Next multiple regression analysis was used to remove the influence of variability in age and gender on the predictive model. When demographic variables age and gender were considered (Supplemental Table 2 ), only copper was still significantly predictive of carriage, with a 174% increase in expected carriage count per unit increase of copper (showing that the relationship between copper and carriage count was not connected to age and gender). We also used multiple regression analysis to consider the variability of all five metals, age, and gender at once (Supplemental Table 3 ). Copper (P = 0.050) remained predictive of carriage in a model where the variability of the other four metals, age, and gender was removed, so that a unit increase in copper resulted in a 323% increase in expected carriage. In this model, manganese (P = 0.035) also became predictive of carriage, with a unit increase in manganese resulting in a 148% increase in expected carriage count. All other metals were not significantly predictive of carriage. Interestingly, age was a highly significant (P = 0.002) predictor in this model, so that there was a 20% expected increase in carriage count per increased year of age. Gender was also a significant (P = 0.028) predictor of carriage levels, so that females had a 97% decrease in expected carriage count compared to males. These results indicate that there was an interaction amongst age, gender, and the five metals in this study, and of the five metals, copper and manganese are the best predictors for increased carriage count in our donor group.
Next, we questioned whether any single salivary metal could predict if an individual was a Candida carrier using a ZINB model (Supplemental Table 1 ). For this analysis, donors with zero carriage as well as carriers were incorporated. Although we found that salivary manganese and copper in donors with carriage were predictive of an increase in the expected carriage count, none of the five metals singly could predict with significance the presence or absence of Candida in saliva of all individuals. Thus, salivary metals do not influence the acquisition of Candida, but do modulate subsequent levels of oral Candida.
The relationship between salivary metal levels and Candida count is non-monotonic Spearman correlations identify monotonic relationships between variables; however, we suspected that the interaction between metal levels and carriage was more complex, because oral metal levels are known to be influenced by multiple factors. As metals were found to be predictive of increased carriage count, and not Candida acquisition, we focused on the donor group with detected carriage. To better visualize the relationship between salivary metal levels and carriage count, we examined metal levels of individuals with carriage levels (Figure 3) . As expected from our predictive model (Supplemental Table 1 ), we found that low carriage is generally accompanied by comparatively low salivary metal content. However, we were surprised to note that individuals with the highest carriage generally did not have the highest metal levels. We normalized and averaged together all five metals to visualize the relationship between Candida carriage and Figure 3 . Metal content and C. albicans carriage levels in donor salivas have a non-monotonic relationship. Graphs of individual donor measurements are organized by increasing carriage (CFU/mL) overlaid with the corresponding concentration of iron, zinc, copper, manganese, nickel (ng/mL), or the average of all five metals after feature scaling. The carriage axes are cut off at 1,000 CFU/mL for clarity, with CFU labelled at the bottom of the graph for carriage greater than 1,000.
the trend of metal levels. When donors were organized by increasing carriage, we found a distribution of higher metal levels centred around the middle of the donor group; whereas, another lower metal distribution was centred around those with higher carriage.
To better understand this relationship, we used principle component analysis (PCA) to model the effects of multiple metals, age, and gender on the grouping of individual Candida carriers (Figure 4 ). Age and gender were included because they were significantly predictive of the carriage level in the predictive model where all five metals were considered. A model of the first two principle components (Figure 4 left panel) shows clear clustering of the lowest carriage and highest, demonstrating that the metals measured in this study have an interaction with carriage level. Copper was the only metal to retain significant prediction of carriage when age and gender were considered. Therefore, PCA was also performed with only copper, age, and gender (Figure 4 right panel). Of note, individuals with the highest carriage appeared to cluster more closely with individuals with the lowest carriage, compared to individuals in the middle of the donor group; indicating that individuals with low and high carriage, though still distinctly clustering, were more closely related to each other than to individuals in the middle of the group. Thus, PCA suggests that an individual's salivary metal profile, in addition to their age and gender, is an indication of their likelihood to have different levels of Candida carriage; and these parameters could be used as a predictive metric for carriers that are more susceptible to Candida overgrowth.
Discussion
Although a handful of previous studies have examined salivary metals using less sensitive quantification methods [1, 34] , this is the first study to report metal concentrations in whole saliva for healthy adults along with their fungal carriage rates. Candida carriage in healthy adults has been reported after cultivation to occur in up to 75% of people [35] ; however, our group of healthy donors had only 48% carriage, of which all but one were C. albicans. Other studies have assessed carriage in unstimulated WS of healthy adults; one study (n = 97) reported a slightly higher rate of carriage (56%), with a reported median of 40 CFU/mL for carriers and counts ranging from 4 to 2,732 CFU/mL [36] . Another study (n = 39) with a 46% rate of carriage reported a mean of 244 CFU/mL and a range from 2 to 888 CFU/mL saliva [22] . In this study, we found a median of 80 CFU/mL for carriers, a mean of 747 CFU/mL, and a range of 2-9,776 CFU/mL. Because the range of detected CFU/mL saliva in these studies was so great, the large differences in mean and median are not unexpected; in comparison, one study reported that the mean CFU/mL in patients with candidiasis was over 1,500 [22] .
Studies that have looked into salivary metal content of healthy adults report a wide array of concentrations in unstimulated WS. One study reported concentrations of select metals to be lower than our findings; Zn at an average of 13.5 ± 12.2 ng/mL in unstimulated WS, Mn at 2.94 ± 2.84 ng/mL, and Cu at 1.53 ± 1.33 ng/mL [2] . Other studies found higher concentrations. Chicharro et al. reported 10 times the average concentration of Cu, 100 times the concentration of Zn, and over 200 times the concentration of Fe and Mn as our findings [37] . Wang et al. reported Zn at 1,180 ± 214 ng/mL, Cu at 822 ± 159 ng/mL, but also Mn at 2.7 ± 1.5 ng/mL [4] . Environmental contamination of trace metals is a concern in salivary metal studies and may account for the extreme variation in results.
Interestingly, the innate fungicidal activity of donor salivas with carriage was significantly higher, suggesting that antifungal proteins were induced without a change in total protein. As both calprotectin and Histatin 5 bind multiple different metals [14, 17] related to their antimicrobial activity, this may reflect early host innate immune responses to higher Candida carriage. Of particular interest was our finding of the robust interaction between carriage with manganese and copper. Copper is a required nutrient for C. albicans (serving as a cofactor for C. albicans SODs which protect cells from oxidative stress [26] ) and also has inherent antifungal and antimicrobial activity by participating in Fenton reactions to generate harmful reactive oxygen species [38, 39] . Moreover, Histatin 5 binds copper with high affinity, and this increases the killing activity of the peptide [40] . Although manganese, different from many transition metals, is not prone to Fenton reactions [41] , it is important for the function of antioxidant SOD proteins in C. albicans, particularly when copper is unavailable [26] . Reciprocally, in the oral environment, calprotectin sequesters manganese as the mechanism of its antimicrobial activity [39] . Thus, there are several possible mechanisms by which copper and manganese modulate Candida in the oral environment.
Although there is a perception that women tend towards higher levels of Candida carriage [42, 43] , we found that healthy adult women had 97% less expected carriage than men when age and the five metals were held constant. We also noted that when gender and the five metals were held constant, increasing age was predictive of higher carriage count, suggesting that the agerelated changes in saliva predispose individuals to higher carriage independently from the five major salivary metals.
It is probable that individuals with high carriage count are at greater risk for progression to oral candidiasis, although there is still very little known about the cues that govern the switch between fungal commensalism and pathogenesis. As metals are so important to the virulence of C. albicans and to the antimicrobial activity of saliva, our data suggest better parameters for what constitutes low, middle, or high oral carriage in respect to salivary metal levels. We identified alterations in salivary metals at around 20 CFU/mL and another change around 260 CFU/mL. These parameters are relevant to actual changes in metals in the oral environment, rather than arbitrary cutoffs for low and high carriage. This is an important distinction to make, because the tri-modal pattern of metal levels over increasing carriage increases the possibility that individuals with high carriage versus mid-level carriage will respond differently to changes in external metal levels. These findings may reflect two separate facets of Candida commensalism: first, that increased salivary metal levels promote fungal proliferation at lower carriage counts; second, that high levels of Candida in the oral cavity deplete salivary metals, either due to nutritional requirements of the yeast or induced mechanisms of nutritional immunity by the host.
This study establishes the concentration ranges of five metals in the saliva of healthy adults that are valuable in defining metrics of the oral environment. We found that salivary copper and manganese are predictive of increased levels of Candida carriage, and we suggest new definitions of cutoffs for low, middle, and high oral C. albicans carriage based upon salivary metals to identify individuals that are at risk for Candida overgrowth.
Mira Edgerton is a prosthodontist and a Research Scientist in the Department of Oral Biology, School of Dental Medicine, University at Buffalo. She studies the oral pathogen Candida albicans and the candidacidal mechanisms of salivary Histatins.
ORCID
Justin Friedman
http://orcid.org/0000-0003-3594-5904 Sumant Puri http://orcid.org/0000-0002-5509-007X
